Tien et al. discover circuit-level homeostatic plasticity in the retina. After removal of their dominant bipolar cell input, ONa retinal ganglion cells adjust connectivity with other bipolar cells in cell-type-specific ratios to precisely preserve their light responses. Tien et al., 2017, Neuron 94, 656- 
INTRODUCTION
To extract specific information, postsynaptic neurons combine input from different presynaptic cell types in precise ratios. During development, molecular interactions between pre-and postsynaptic partners set up initial connectivity patterns, which are subsequently refined (Sanes and Yamagata, 2009; Williams et al., 2010; Yogev and Shen, 2014) . Refinement occurs at many levels, from the molecular composition and the architecture of individual synapses (Turrigiano and Nelson, 2004; Wefelmeyer et al., 2016) , to the formation of new synapses and elimination of existing ones Purves and Lichtman, 1980) , to the large-scale organization of neuronal projections and cell numbers (Antonini and Stryker, 1993; Riccomagno and Kolodkin, 2015; Yu et al., 2004) . Remarkably, refinement balances changes across all levels to stabilize activity in emerging circuits (i.e., homeostatic plasticity). The importance of homeostatic plasticity to circuit development is underscored by recent evidence for its failures in many neurodevelopmental disorders (Ebert and Greenberg, 2013; Ramocki and Zoghbi, 2008; Turrigiano and Nelson, 2004) . Homeostatic plasticity is known to mediate interactions between pre-and postsynaptic partners that maintain constant average firing rates of neurons by controlling synaptic scaling (Davis and M€ uller, 2015; Hengen et al., 2013; Pozo and Goda, 2010) . Whether homeostatic plasticity also mediates interactions between different presynaptic inputs and adjusts patterns of convergent innervation (i.e., circuit-level plasticity) to stabilize specific computations of postsynaptic neurons is unknown.
In the mammalian retina, approximately 15 types of bipolar cells relay photoreceptor signals from the outer to the inner plexiform layer (IPL) (Euler et al., 2014; Shekhar et al., 2016) . Bipolar cell types differ in their contrast responses and in their temporal filtering of photoreceptor signals (Baden et al., 2013; Borghuis et al., 2013; Euler et al., 2014; Franke et al., 2017; Ichinose et al., 2014) . In the IPL, bipolar cell types converge in specific ratios onto the dendrites of 30-40 retinal ganglion cell (RGC) types (Calkins and Sterling, 2007; Dunn and Wong, 2014; Helmstaedter et al., 2013) , which inherit the contrast responses and temporal tuning of their combined inputs (Baden et al., 2016; Murphy and Rieke, 2006) . The relationship of bipolar cell innervation and light responses has been characterized particularly well for ONa-RGCs. Compared to other RGCs, ONa-RGCs encode contrast linearly and with high sensitivity (Murphy and Rieke, 2006; Zaghloul et al., 2003) . Anatomical circuit reconstructions suggest that ONa-RGCs are innervated by several bipolar cell types, with B6 cells accounting for approximately 70% of excitatory synapses on their dendrites Schwartz et al., 2012) . The responses of ONa-RGCs are accurately predicted by their excitatory input (Grimes et al., 2014; Murphy and Rieke, 2006; Zaghloul et al., 2003) , and a receptive field model based on type 6 bipolar (B6) cell innervation alone captures many response features (Schwartz et al., 2012) . However, whether B6 cells provide functional input to ONa-RGCs has not been directly tested, and whether during development ONa-RGCs form connections with converging bipolar cells independently or balance inputs to attain specific responses is unclear.
Here, using optogenetic activation and acute pharmacogenetic silencing, we found that in wild-type mice ONa-RGC responses rely on excitatory input from B6 cells. We generated mice in which B6 cells were selectively removed from developing circuits by transgenic expression of diphtheria toxin. Anatomical circuit reconstructions and patch-clamp recordings revealed that B6 cell removal elicited circuit-level plasticity in which other bipolar cell types took over innervation in specific ratios that precisely conserved contrast responses and temporal tuning of excitatory inputs and spiking of ONa-RGCs.
RESULTS

B6 Cells Provide Dominant Excitatory Input to
ONa-RGCs ONa-RGCs receive convergent input from several bipolar cell types ( Figure 1A) . Although anatomical studies suggested that B6 cells account for approximately 70% of excitatory (A) Schematic illustrating converging bipolar cell input to ONa-RGCs. X, 6, 7, and 8 refer to cone bipolar cell types (Euler et al., 2014) synapses on ONa-RGC dendrites Schwartz et al., 2012) , the functional input from B6 cells to ONa-RGCs has not yet been explored. To gain genetic access to B6 cells, we screened a set of Cre driver lines (Taniguchi et al., 2011) by crossing to a fluorescent reporter strain (Ai9, tdTomato) (Madisen et al., 2010) . In CCK-ires-Cre Ai9 mice, which were previously shown to label several RGC and amacrine cell types (Tien et al., 2015; Zhu et al., 2014) , tdTomato expression in the bipolar cell layer was restricted to a single cell type. The somata of these cells were arranged in a mosaic ( Figures 1B and S1 ); their axon terminals stratified in the ON sublamina of the IPL and stained for synaptotagmin II (SytII) ( Figure 1C ) (Fox and Sanes, 2007) . This identifies the bipolar cells labeled in Cck-ires-Cre Ai9 mice as B6 cells, consistent with a recent gene expression profiling study, which revealed Cck as a specific marker of B6 cells (Shekhar et al., 2016) .
To test for functional connectivity of B6 cells with ONa-RGCs, we crossed Cck-ires-Cre mice to a strain in which channelrhodopsin-2 is expressed wherever Cre-mediated recombination occurs (Ai32) (Madisen et al., 2012) . With photoreceptor input to bipolar cells blocked by application of L-AP4 and ACET, and cholinergic transmission blocked by inclusion of hexamethonium, optogenetic stimulation of B6 cells elicited large excitatory postsynaptic currents (EPSCs) in ONa-RGCs ( Figures 1D and 1E ). These currents were sensitive to AMPA and NMDA receptor antagonists, demonstrating that B6 cells provide glutamatergic input to ONa-RGCs.
To probe the contributions of B6 input to photoreceptor-mediated light responses of ONa-RGCs, we generated adeno-associated viruses (AAVs) that drive expression of the pharmacogenetic silencer PSAM L141F, Y115F -GlyR-IRES-GFP (Magnus et al., 2011) , PSAM for short, from promoter elements of the metabotropic glutamate receptor 6 (Grm6 S ) (Lagali et al., 2008) , conditioned upon Cre-mediated recombination (AAV-Grm6 S -PSAM con ; Figure 1F) . Because Grm6 S sequences promote transcription only in ON bipolar cells (Lagali et al., 2008) , their intersection with CCK-ires-Cre should restrict expression to B6 cells. We generated AAV-Grm6 S -GFP con by removing PSAM-IRES sequences from AAV-Grm6 S -PSAM con , to improve visualization of GFP. After injection of AAV-Grm6 S -GFP con intravitreally in CCK-IRESCre Ai9 mice, GFP expression was restricted to the bipolar cell layer, and nearly all GFP-positive cells (99%) were also tdTomato positive ( Figure S2 ). This confirmed the cell-type specificity of our intersectional strategy. Figure 1H ) and slightly enhanced their spike responses ( Figure 1J ). EPSCs and firing rates of ONa-RGCs were increased upon washout of PSEM 308 irrespective of PSAM expression, likely due to off-target effects of the agonist ( Figures  1H and 1J ). Given that AAVs infected only a subset of B6 cells ( Figure S2 ), the strong pharmacogenetic suppression of EPSCs, together with previous anatomical studies Schwartz et al., 2012) and results from optogenetics, suggests that B6 cells dominate excitatory input to and are required for normal light responses of ONa-RGCs. We next measured excitatory input to ONa-RGCs during brief (250 ms) steps of varying contrast in a 300-mm diameter spot centered on the recorded cell. In addition to reducing the amplitude of tonic and stimulus-evoked EPSCs, application of PSEM 308 in AAV-Grm6 S -PSAM con -injected mice resulted in less inwardly rectified excitatory contrast response functions ( Figure S2 ), indicating that the functional properties of B6 input differ from those of non-B6 inputs to ONa-RGCs.
An Intersectional Transgenic Strategy to Remove B6 Cells from the Developing Retina To probe interactions of converging bipolar cell types during ONa-RGC innervation, we next wanted to selectively remove B6 cells from the developing retina. We devised an intersectional strategy similar to that used for pharmacogenetic silencing of B6 cells ( Figure 1F ) and crossed mice that conditionally express an attenuated version of diphtheria toxin in ON bipolar cells (Grm6 L -YFP-DTA con ; Figure 2A ) to CCKires-Cre mice. We refer to double transgenic offspring from these crosses as B6-DTA mice from here on. To estimate the time course of DTA expression in these mice, we first counted tdTomato-expressing bipolar cells in CCK-ires-Cre Ai9 mice at different ages. The number of these cells increased dramatically from postnatal day 10 (P10) to P15 ( Figure 2B ). Because Ai9 can express tdTomato in the retina at least from birth on (data not shown), this time course likely reflects the rise of Cre in B6 cells. By comparison, yellow fluorescent protein (YFP) in Grm6 L -YFP-DTA con and other fluorescent proteins in other Grm6 L transgenics become detectable between P3 and P7 Morgan et al., 2006 Morgan et al., , 2011 . Thus, the onset of DTA expression in B6-DTA mice appears to be limited by Cre expression and falls between P10 and P15.
To evaluate the extent and specificity of B6 cell removal in B6-DTA mice, we stained sections and flat mounts of P20 retinas for SytII. In wild-type retinas, SytII labeled B2 and B6 axons in the ON and OFF sublamina of the IPL, respectively. In B6-DTA mice, SytII staining in the ON sublamina was lost, but staining in the OFF sublamina was unchanged ( Figures 2C and 2D ). In addition, YFP expression in non-B6 ON bipolar cell types was unaffected in B6-DTA mice. We quantified these observations in retinal flat mounts ( Figure S3 ), confirming that >95% of B6 cells are removed from B6-DTA retinas by P21. Moreover, the reduction in the density of all ON bipolar cells in B6-DTA mice matched the density of B6 cells in wild-type mice (Figures 2B and S3F) . Approximately half of the B6 cells in B6-DTA retinas were deleted by P15 ( Figure S3 ), indicating that the time course of cell removal closely matched that of Cre expression. Together, these results show that B6 cells are removed selectively and nearly completely from B6-DTA retinas during the period of bipolar cell-RGC synaptogenesis (Fisher, 1979; Morgan et al., 2008 Morgan et al., , 2011 .
Effects of B6 Cell Removal on ONa-RGC Dendrites and Synapses
To begin to analyze effects of B6 cell removal on ONa-RGCs, we biolistically labeled these cells with cytosolic tdTomato and postsynaptic density protein 95 fused to YFP (PSD95-YFP), a marker of excitatory synapses Morgan et al., 2011) . We found that stratification and length of ONa-RGC dendrites were indistinguishable between B6-DTA mice and wild-type littermates ( Figures 3A-3D ). The density of PSD95-YFP puncta on ONa-RGC dendrites was reduced in B6-DTA mice ( Figure 3E ), but only by 30%, much less than the fraction of synapses (70%) contributed by B6 cells in wild-type mice Schwartz et al., 2012) . This suggests that either many PSD95-YFP puncta in B6-DTA mice are not apposed by presynaptic release sites (i.e., orphan postsynapses), or that other bipolar cells take over ONa-RGC innervation from B6 cells. To distinguish between these possibilities, we stained retinas with biolistically labeled ONa-RGCs for CtBP2, a component of presynaptic ribbons in bipolar cells (Schmitz et al., 2000) ( Figure 3F ). An identical fraction (85%) of PSD95-YFP puncta on ONa-RGC dendrites co-localized with CtBP2 in B6-DTA mice and wildtype littermates ( Figure 3G ), indicating that in the absence of B6 cells other bipolar cells increase their connectivity with ONa-RGCs.
Cell-Type-Specific Rewiring of Cone Bipolar Cells with ONa-RGCs in B6-DTA Mice Dendrites of ONa-RGCs overlap with axons of several ON cone bipolar cells types (B6, B7, B8, and XBC) (Dunn and Wong, 2014; Helmstaedter et al., 2013; Morgan et al., 2011) . We wanted to test which of these replace input from B6 cells in B6-DTA mice, and whether rewiring occurs by uniform upregulation of connectivity or is cell-type specific. We sparsely labeled ON bipolar cells by intravitreal injection of a virus expressing tdTomato under control of Grm6 S (AAV-Grm6 S -tdTomato; Figure 4A ) and biolistically labeled ONa-RGCs and bipolar cell-RGC synapses with cytosolic YFP and PSD95-CFP, respectively. This allowed us to analyze the connectivity of pairs of individual bipolar cells and ONa-RGCs. We distinguished bipolar cell types by their characteristic dendritic and axonal morphologies Helmstaedter et al., 2013; Morgan et al., 2011; W€ assle et al., 2009 ). B7 cells were previously characterized as a minor input to ONa-RGCs Schwartz et al., 2012) . We confirmed these observations in wild-type mice and found that in B6-DTA retinas, B7 cells more than doubled the number of connections with ONa-RGCs ( Figures 4B, 4C , and 4F). This was accomplished without changes in the axon territories of B7 cells ( Figure 4D ) or the number of contacts between B7 axons and ONa-RGC dendrites ( Figure 4E ), by conversion of a larger fraction of contacts to synapses (i.e., connectivity fraction). In wild-type mice, axons of XBC cells occasionally touched dendrites of ONa-RGCs, but none of these contacts bore synapses ( Figures 4G, 4J , and 4K). In B6-DTA mice, XBC axon size and contact numbers with ONa-RGCs did not change, but nearly all contacts contained synapses (Figures 4H-4K) . However, bipolar cell connectivity was not uniformly upregulated in B6-DTA mice, as the large axons of B8 cells, which formed a significant number of synapses with ONa-RGCs in wild-type mice, were unchanged in their morphology and connectivity ( Figures 4L-4P) . Thus, B6 cell removal from developing circuits triggers cell-type-specific rewiring of cone bipolar cells with ONa-RGCs, which elevates a minor input to become the major one (B7), recruits a novel input type (XBC), and leaves unaltered the connections of another (B8). Rewiring is accomplished by selective changes in the connectivity fraction of bipolar cell axons without Increased Direct Input from Rod Bipolar Cells to ONa-RGCs in B6-DTA Mice In wild-type mice, rod bipolar cells (RBCs) provide input to ONa-RGCs-and other RGCs-predominantly by an indirect path: RBC axons form excitatory synapses with AII amacrine cells, which are electrically coupled to ON cone bipolar cells, which convey signals to ONa-RGCs (Bloomfield and Dacheux, 2001; Demb and Singer, 2015 Figures  5A-5D) . However, the probability of synaptic connections more than doubled ( Figure 5E ), suggesting that RBCs retain synapses with ONa-RGCs when B6 cells are removed.
Indirect input from RBCs to ONa-RGCs depends on gap junctions between AII amacrine cells and ON cone bipolar cells, whereas direct synaptic input does not. In patch-clamp recordings from ONa-RGCs, we found that a larger fraction of excitatory input elicited by stimuli that predominantly recruit the RBC pathway (Murphy and Rieke, 2006) was resistant to the gap junction blocker meclofenamic acid (MFA) in B6-DTA mice compared to wild-type littermates ( Figures 5F and 5G ). This shows that anatomical rewiring mediates changes in functional connectivity in B6-DTA mice, which involve both cone and RBCs.
Bipolar Cell Rewiring Precisely Preserved Light
Responses of ONa-RGCs in B6-DTA Mice Our pairwise analysis revealed cell-type-specific changes in the connectivity of bipolar cells with ONa-RGCs in B6-DTA mice (Figures 4 and 5) . We hypothesized that ONa-RGCs recruit bipolar cell types in specific ratios ( Figure S4 ) (see STAR Methods) to best replace the input from B6 cells and to preserve their characteristic light responses. To test this hypothesis, we analyzed light responses of ONa-RGCs using patch-clamp recordings. In stark contrast to acute pharmacogenetic silencing of B6 cells ( Figures  1G-1J ), the amplitudes of excitatory inputs and spike responses of ONa-RGCs were not significantly different between B6-DTA mice and wild-type littermates ( Figures 6A-6H ). This was true both for stimuli preferentially activating rods ( Figures 6A, 6B , 6D, and 6E) and for stimuli preferentially activating cones (Figures 6G , 6H, 6J, and 6K). Moreover, the characteristic contrast response functions of ONa-RGC EPSCs and spiking (Murphy and Rieke, 2006; Zaghloul et al., 2003) were precisely preserved in B6-DTA mice in dim ( Figures 6C and 6F ) and bright light conditions ( Figures 6I and 6L) .
In addition to contrast responses, the temporal tuning of RGCs is determined by combined input from different bipolar cell types with unique response kinetics (Baden et al., 2013; Borghuis et al., 2013; Franke et al., 2017; Ichinose et al., 2014) . Measuring EPSCs during white noise stimulation, we found that the temporal tuning of bipolar cell input to ONa-RGCs was indistinguishable between B6-DTA mice and wild-type littermates ( Figures  7A-7D ).
Although our results clearly showed that presynaptic rewiring contributed to the preservation of ONa-RGCs' light responses, it was unclear whether postsynaptic scaling also played a role in this homeostasis (Pozo and Goda, 2010; Turrigiano, 2008) . To address this question, we recorded spontaneous EPSCs (sEPSCs) from ONa-RGCs in wild-type and B6-DTA retinas. Recordings were performed in conditions that lowered the probability of vesicle fusion (i.e., zero extracellular calcium) to reduce coincidence of bipolar cell release events. We found that the distributions of sEPSC amplitudes were indistinguishable between wild-type and B6-DTA retinas ( Figure S5 ). To explore further possible postsynaptic plasticity, we focally puffed glutamate onto dendrites of ONa-RGCs while recording EPSCs. We included a fluorescent dye (Alexa 488) in the puff solution and used two-photon imaging to measure the application area. These experiments revealed smaller amplitudes of EPSCs per application area in B6-DTA mice compared to wild-type littermates ( Figure S5 ). The amplitude reduction (31.6%) matched closely the reduction in synapse density on ONa-RGCs' dendrites (29%) ( Figure 3E ). Together, these findings exclude broad changes in postsynaptic strength as a major contributor to the response homeostasis and support the notion that, following B6 removal, ONa-RGCs adjust their connectivity with other bipolar cell types in specific ratios to replace the lost input and to precisely preserve their light responses (i.e., circuit-level homeostatic plasticity).
DISCUSSION
During development, most postsynaptic neurons recruit multiple presynaptic partners (i.e., convergence), and by establishing precise numbers of synapses with each partner attain specific function. Whether postsynaptic neurons establish cell-type-specific connectivity patterns with each input independently or balance synapses from different input types to achieve specific function is unclear (Okawa et al., 2014b; Yogev and Shen, 2014) . Here, we addressed this question in the convergent innervation of ONa-RGCs by bipolar cells.
Anatomical studies suggested that ONa-RGCs receive input from multiple bipolar cell types, with B6 cells contributing approximately 70% of the excitatory synapses Schwartz et al., 2012; Soto et al., 2012) . In our study, optogenetic activation of B6 cells elicited large EPSCs in ONa-RGCs (Figure 1) , indicating that functional connectivity in the inner retina matches anatomical connectivity (Morgan and Lichtman, 2013) , and that anatomical connectivity was correctly inferred from light microscopic circuit reconstructions (Figures 4 and 5) Schwartz et al., 2012; Soto et al., 2012) .
Understanding how signals from the 15 bipolar cell types are distributed and mixed among the 30-40 RGC types is a major challenge in deciphering the functional organization of the retina (Asari and Meister, 2012; Baden et al., 2016; Euler et al., 2014) . The results of our pharmacogenetic silencing experiments (Figure 1) indicate that in wild-type mice the light responses of ONa-RGCs are dominated by a single bipolar cell type (B6). These data are consistent with a recent receptive field model, which accurately predicts responses of ONa-RGCs to a variety of stimuli based on their input from B6 cells (Schwartz et al., 2012) . Whether dominant input from a single bipolar cell type is the rule or an exception among RGCs remains to be determined (Calkins and Sterling, 2007) . Using an intersectional transgenic strategy (B6-DTA mice), we selectively removed B6 cells from the developing retina (Figure 2) . In B6-DTA mice, ONa-RGCs increased their connectivity with B7 cells, converting this minor input into the major one; formed connections de novo with XBCs ( Figures 3 and 4) ; and maintained synapses from RBCs (Figure 5 ), which are normally eliminated during circuit maturation . Connections of B8 cells with ONa-RGCs were unaffected by B6 removal (Figure 4) . Because B8 cells form synapses with ONa-RGCs in wild-type mice, but XBCs do not, the observed rewiring cannot solely reflect competition between bipolar cells. Rewiring reveals that postsynaptic neurons can dynamically adjust connectivity with converging presynaptic inputs rather than forming a fixed number of synapses with each independently. Thus, synaptic specificity in the inner retina is plastic rather than hard-wired. To what extent this is true of other neural circuits remains to be determined (Yogev and Shen, 2014) . Interestingly, in the spinal cord, interneurons fail to innervate alternative partners when their primary targets (i.e., sensory fibers) are removed during development (Betley et al., 2009) . Differences in the stringency of synaptic specificity may have arisen to limit plasticity to circuits whose function it benefits.
In the retina, as elsewhere in the nervous system, multiple cellular mechanisms are sequentially engaged to establish synaptic specificity (Sanes and Yamagata, 2009; Williams et al., 2010; Yogev and Shen, 2014) . Relatively early during development, bipolar cell axons and RGC dendrites stratify in narrow sublaminae of the IPL Kim et al., 2010; Morgan et al., 2006 Morgan et al., , 2008 . Laminar targeting constrains potential connectivity, differs between cell types, and is determined by a combination of repulsive and adhesive cues (Duan et al., 2014; Matsuoka et al., 2011a Matsuoka et al., , 2011b Sanes, 2008, 2012) . After lamination is complete, connectivity patterns of co-stratifying bipolar cell axons are initially similar, but subsequently diverge through cell-type-specific changes in the conversion of axo-dendritic contacts into synapses (i.e., connectivity fraction) . We find that plasticity elicited by B6 removal selectively engages this mechanism. The morphologies of bipolar cell axons and ONa-RGC dendrites, and the numbers of contacts between them, are unchanged in B6-DTA compared to wild-type mice, but the connectivity fractions of axo-dendritic contacts are altered in a cell-type-specific manner (Figures 3, 4, and 5) . Because bipolar cell types with similar responses show overlapping axonal stratification patterns (Baden et al., 2013; Borghuis et al., 2013; Euler et al., 2014; Franke et al., 2017) , rewiring within a constant laminar position may best allow ONa-RGCs to regain their specific function. Even within a constant laminar position, however, ONa-RGCs make distinct choices in normal development and in plasticity (e.g., not to increase connectivity with B8). Furthermore, it is worth noting that the laminar constraint on rewiring is not absolute. Thus, when several ON cone bipolar cell types as well as RBCs are removed during development, ONa-RGCs extend dendritic arbors into outer IPL and recruit input from OFF cone bipolar cells (Okawa et al., 2014a) .
Homeostatic plasticity had previously been shown to stabilize average firing rates (Hengen et al., 2013; Turrigiano and Nelson, 2004) and spontaneous activity patterns of neurons (Blankenship and Feller, 2010; Kerschensteiner, 2014) , but how it regulates their unique circuit functions remained unclear. In assessing the functional consequences of plasticity in B6-DTA mice, we find that it not only rescues overall activity levels of ONa-RGCs, but indeed also precisely restores their contrast ( Figure 6 ) and temporal response properties (Figure 7) , both of which RGCs inherit from their combined bipolar cell inputs. Our sEPSC recordings and glutamate puff experiments suggest that postsynaptic scaling does not play a major role in this response preservation ( Figure S5 ). Instead, homeostatic plasticity controls cell-type-specific wiring of presynaptic inputs (i.e., bipolar cells), expanding its reach beyond the intrinsic and synaptic mechanisms previously characterized at the level of individual neurons (Pozo and Goda, 2010; Turrigiano, 2008; Wefelmeyer et al., 2016) . In this way, circuitlevel homeostatic plasticity shapes cell-type-specific wiring in the inner retina and stabilizes visual information sent to the brain.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice Throughout this study, we used CCK-ires-Cre (Taniguchi et al., 2011) mice (i) crossed to a tdTomato reporter strain (Ai9) (Madisen et al., 2010) , (ii) crossed to a channelrhodopsin-2 reporter strain (Ai32) (Madisen et al., 2012) , (iii) crossed to mice in which a 9 kb fragment of the Grm6 promoter (i.e., Grm6 L ) (Ueda et al., 1997) (Magnus et al., 2011) .
The pAAV-Grm6 s -GFP con plasmid was generated by removing PSAM-IRES sequences from pAAV-Grm6 S -PSAM con . Viral particles were packaged and purified as previously described (Grimm et al., 2003; Klugmann et al., 2005) . Briefly, AAV1/2 chimeric virions were produced by co-transfecting HEK293 cells with pAAV-Grm6 S -tdT, pAAV-Grm6 S -PSAM con or pAAV-Grm6 s -GFP con , and helper plasmids encoding Rep2 and the Cap for serotype 1 and Rep2 and the Cap for serotype 2. Forty-eight hours after transfection, cells and supernatant were harvested and viral particles purified using heparin affinity columns (Sigma). Viruses (250 nL) were injected with a NanojectII (Drummond) into the vitreous chamber of newborn mice anesthetized on ice.
Tissue preparation
Mice were euthanized with CO 2 followed by decapitation and enucleation. For imaging, eyes were transferred into oxygenated mouse artificial cerebrospinal fluid (mACSF HEPES ) containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgCl 2 , 20 HEPES, and 11 glucose (pH adjusted to 7.37 using NaOH). Retinas were either isolated and mounted flat on filter paper, or left in the eyecup for 30 min fixation with 4% paraformaldehyde in mACSF HEPES (Tien et al., 2016) . For patch clamp recordings, mice were dark adapted at least 2 hr before their retinas were isolated under infrared illumination (> 900 nm) in oxygenated mACSF NaHCO3 containing (in mM) 125 NaCl, 2.5 KCl, 1 MgCl 2 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 20 glucose, 26 NaHCO 3 and 0.5 L-glutamine equilibrated with 95% O 2 / 5% CO 2 (Tien et al., 2016) .
Immunohistochemistry
After blocking for 2 hr with 5% Normal Donkey Serum in PBS, vibratome slices (60 mm in thickness) embedded in 4% agarose (Sigma) were incubated overnight at 4 C with primary antibodies. Slices were then washed in PBS (3 3 20 min) and incubated in secondary antibodies for 2 hr at room temperature. Flat-mount preparations were frozen and thawed three times after cryoprotection (1 hr 10% sucrose in PBS at RT, 1 hr 20% sucrose in PBS at RT, and overnight 30% sucrose in PBS at 4 C), blocked with 5% Normal Donkey Serum in PBS for 2 hr, and then incubated with primary antibodies for 5 d at 4 C and washed in PBS (3 3 1 hr) at RT. Subsequently, flat mounts were incubated with secondary antibodies for 1 d at 4 C and washed in PBS (3 3 1 hr) at room temperature. The following primary antibodies were used in this study: mouse anti-synaptotagmin II (znp-1, 1:500, Zebrafish International Resource Center), rabbit anti-tdTomato (1:1000, Clontech Laboratories), guinea pig anti-VGluT1 (1:500, Millipore), chicken anti-GFP (1:500, thermos Fisher Scientific) and mouse anti-CtBP2 (1:500, BD Biosciences). Secondary antibodies were Alexa 568-and Alexa 633 conjugates (1:1000, Invitrogen).
Electrophysiology
Cell-attached and whole-cell patch clamp recordings were obtained in the dorsal halves (Wang et al., 2011) of dark-adapted flatmounted retinas superfused (5-7 mL / min) with warm (30-33 C) mACSF NaHCO3 as previously described (Tien et al., 2016) . ONa-RGCs were selected under infrared illumination based on their large soma size (diameter > 20 mm); and correct targeting was confirmed by inclusion of Alexa 488 or Alexa 568 (0.1 mM) in the intracellular solution and 2-photon imaging at the end of each recording. The intracellular solution for current-clamp recordings contained (in mM) 125 K-gluconate, 10 NaCl, 1 MgCl 2 , 10 EGTA, 5 HEPES, 5 ATP-Na 2 , and 0.1 GTP-Na (pH adjusted to 7.2 with KOH). The intracellular solution voltage-clamp recordings contained (in mM) of pairs of bipolar cells and ONa-RGCs was analyzed in image stacks as previously described . Briefly, dendrites of ONa-RGCs and axons of bipolar cells were masked in 3D using local thresholding in Amira. Contacts were defined as points of overlap between axon and dendrite masks exceeding 50 connected voxels; and synapses counted when PSD95 puncta were found within such a volume of axon-dendrite overlap. Bipolar cell axon territories were measured by the area of the smallest convex polygons encompassing their arbors in a maximum intensity projection.
Statistics
Paired and unpaired t tests were used to assess the statistical significance of differences between single parameter characteristics (e.g., dendrite length) of experimental groups. Cumulative probabilities of sEPSCs amplitudes, Contrast-and temporal frequency response functions of B6-DTA mice and wild-type littermates (or before, during and after PSEM 308 application) were compared using bootstrapping with 10,000 replicates. Differences in the average response curves of B6-DTA and wild-type mice were compared to differences generated by random assignments of data to the two genotypes (confidence interval: 95%). For all figures significance corresponds to *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for the comparisons indicated in the figure or figure legend.
